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Recent developments in soft hadronic interactions are reviewed. Emphasis it put on measurements 
of the proton structure at low x, photon structure, diffraction and exclusive processes such as vector- 
meson production and their interpretation in approaches to QCD dynamics like BFKL or CCFM. 



1 Introduction 

Quantum Chromodynamics is the gener- 
ally accepted field theoretical prescription of 
strong interactions and is successfully applied 
to processes where a hard scale is present, 
given by either a highly virtual particle, a 
large transverse momentum or a large mass 
of the exchanged particlesS. In such pro- 
cesses the strong coupling constant is small 
enough to allow for perturbative calculations 
and QCD is predictive. In soft processes, 
where such a hard scale is not present, as 
becomes large and perturbative techniques 
are not applicable. This prohibits predic- 
tions of such fundamental quantities as the 
size and mass of the proton, the total cross- 
section for hadron-hadron scattering or cross- 
sections for elastic scattering of hadrons. All 
these questions are closely connected to con- 
finement and still belong to the least well un- 
derstood properties of strong interactions. 

In the past many phenomenological mod- 
els have been developed to describe soft in- 
teractions. More recently, driven by new data 
obtained in the transition region between soft 
and hard processes from the HERA, LEP and 
Tevatron experiments, the theoretical inter- 
pretation within perturbative QCD (pQCD) 
has made considerable progress. This is also 
the focus of this review^, and hardly any ref- 
erence is given to phenomenological prescrip- 
tions of soft physics. 
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Deep Inelastic Scattering 

To introduce the concepts it is useful to start 
with the example of deep inelastic scattering 
(DIS) of a lepton on a proton (Fig. |]). Here 
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Figure 1. Feynman diagram for deep inelastic scat- 
tering. 

denotes the virtuality of the exchanged 
photon 7*, the Bjorken scaling variable x cor- 
responds in lowest order to the momentum 
fraction of the struck quark in the proton and 
W is the total centre of mass energy in the 
7*-proton system. For ^ ^qcd iiigh 
7* virtuality provides the hard scale and the 
structure of the proton is resolved into par- 
tons, i.e. the cross-section is proportional to 
the structure function F2{x,Q^) which mea- 
sures the quark momentum distribution in 
the proton. Fig. ^ shows the data on F2 as 
obtained by fixed target experiments and at 
HERAcI, which now cover a range from 
several 10'' GeV^ down to ~ -^qcd^ ^^"^ i^" 
elude momentum fractions x as low as 10^^. 
The data nicely demonstrate the point-like 
nature of quarks in the region of approxi- 
mate scaling at x « 0.1, modified by nega- 
tive scaling violations at higher x which are 
attributed to the quark splitting q qg and, 
at low X, by positive scaling violation due 
to the prevailing gluon splitting g ^ gg, qq. 
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Figure 2. Proton structure function F2 as arfunction 
of witii lines of constant x and W from □. 

The sharp increase of F2 with decreasing x 
at values of a few GeY.^, the main re- 
sult of the first HERA data is of great im- 
portance as this slope is directly related to 
the gluon density in the proton. The pro- 
ton at low X is thus a system of very high 
gluon density and thereby a unique environ- 
ment for the understanding of QCD dynam- 
ics. Since = Q^{1 — x)/x, the extrapo- 
lation towards low x at fixed corresponds 
to the high energy (W) limit of QCD, which 
is interesting in itself but also has impact for 
e.g. cosmic ray experiments, heavy ion col- 
lisions and Higgs production at the LHC via 
99^ HE. 

QCD Dynamics at Low x 

To better understand the present excitement 
about low X dynamics it is worth recalling the 
assumption of factorisation of hadronic cross- 
sections into a matrix element of the hard 
process (which is calculable in pQCD) and 
parton distribution functions which represent 
all other soft parts of the diagrams (Fig. 
In the standard Altarelli-Parisi (DGLAPB) 
evolution the phase-space for parton emission 




Figure 3. The parton ladder in a hard scattering 
process. The dashed line denotes the factorisation 
into a hard matrix element and the parton density. 

is approximated by summing those contri- 
butions where the transverse momenta ^ 
along the ladder strictly increase from the 
proton to the hard scattering, and therefore is 
applicable only at larger Q^. To this approx- 
imation the process factorises into calculable 
coefficient functions and supposedly univer- 
sal parton distribution functions which obey 
the DGLAP evolution equations. 

It is apparent that other momentum con- 
figurations will contribute both at low and 
at low X. At low (i.e. not much larger 
than Ag^^) at any point along the ladder 
j might exceed which destroys the re- 
quired strong fc-r ordering. Even at higher 

but low Xn, the large possible differences 
between the longitudinal momenta Xi imply 
sufficient phase-space also for large transverse 
momenta kr somewhere along the ladder, 
again affecting strong fcy ordering. The tran- 
sition region from high to low and the low 
X limit thereby elucidate other approaches to 
pQCD and hence to QCD dynamics. 

If the strong fc^ ordering criterion is re- 
laxed the approximations become more com- 
plex. For the BFKL0 and CCFM0 evolu- 
tion equations ordering in x or in the emission 
angle of partons along the ladder is assumed, 
respectively. The resulting "unintegrated" 
parton densities depend directly on the trans- 
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verse momenta as shown in Tab. ^ The 

Table 1. QCD evolution equations based on differ- 
ent ordering schemes, the dependence of the parton 
density functions (pdf), the terms summed and the 
kinematic range of application. 
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BFKL approximation is expected to be valid 
only at low x, since it does not contain the 
DGLAP terms. It is not known yet how low 
or X have to be to yield sizeable BFKL 
type contributions. The CCFM equation 
would in principle enable a smooth extrap- 
olation between the DGLAP and the BFKL 
regime as it contains both parts. Up to now 
it is only applicable at low x since the quark 
splitting terms are not known yet. 

Vector-Meson Production 

An intriguing view of the interplay between 
soft and hard physics is derived from elastic 
photoprpduction {Q^ « 0) of vector-mesons at 
HERAQ, 7p Vp. For vector-mesons con- 
sisting of light quarks (p, uj) the energy de- 
pendence of the cross-section a-yp^vp is very 
weak and similar to the total photon-proton 
cross-section (Fig. For the J/^*, how- 
ever, the energy dependence is significantly 
stronger, indicating that the charm quark 
mass provides a hard scale. The size of the 
cross-section is hence not of geometrical na- 
ture but can be associated with the partonic 
content of the proton. In this case the process 
is assumed to be dominated by the exchange 
of a pair of gluons which together form a 
colour singlet to yield an elastically scattered 
proton (Fig. ||). The increase of the cross- 
section towards large W reflects the increase 
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Figure 4. Energy dependence of the total photon- 
proton cross-section atot in comparison to the cross- 
section for elastic photoproduction of vector-mesons 
from HERA 
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Figure 5. Feynman diagram for the production of 
vector-mesons V on an elastically scattered proton 
via 2-gluon exchange. 

of the gluon density (squared) towards low x. 

It is evident that in the extreme high en- 
ergy limit this behaviour must change since 
the J/vt contribution should never exceed 
the total cross-section. New dynamics must 
therefore dampen the J/^I' cross-section in 
the high W (low x) limitj^ 

In QCD calculationsEj the cross-section 
is explained as a three step process: the split- 
ting of the photon into a qq dipole, the inter- 
action of this dipole with the gluon pair and 
finally the formation of the vector-meson. At 
low and low x the three steps take place 
on very different time scales suggesting that 
the cross-section factorises into the probabil- 



3 



ities for each of the individual steps. 

This factorisation allows the same dipole 
cross-section to be applied also in other pro- 
cesses at low X such as inclusive DIS, jet pro- 
duction or diffractioroU. 

2 The Proton at Low x 

The proton structure at low x is of interest 
not only as a new domain in QCD, where 
fundamental insight into the dynamics within 
and beyond the perturbative regime is still to 
be gained. It is also of relevance fox the pro- 
gram at the Tevatron and the LHCEI. For the 
small Higgs mass expected due to theindi- 
rect and direct measurements at LEP E£l the 
dominant production process gg ^ H (with 
Mh = a:^ia;2SLHc) at LHC energies implies 
gluon momenta Xi in the range 1 > a; > 10~^, 
or 0.1 > a; > 10^'^ if the angular acceptance 
for the Higgs decay products is restricted to 
rapidities |y| < 2. Sensitive tests of the Higgs 
sector therefore crucially depend on the gluon 
density at low x and the reliability of the tl 
oretical extrapolation from low to high 
At and below x = 10~^ the only process giv- 
ing access to the gluon density in the proton 
is DIS at HERA. 

HERA Data and the Gluon Density 

Both HERA coUaborations HI and JSEUS 
have released new preliminary dataBB on 
their structure function measurements in the 
low X and low region. The HI dataH 
shown in Fig. ^ have now in a large range 
a statistical precision of w 1% and sys- 
tematic errors of about 3% due to new in- 
strumentation such as silicon tracking and 
high granularity calorimetry. This repre- 
sents important progress in comparison to 
existing published data, and the precision is 
probably close to the final results attainable 
by the experiments in parts of the phase- 
space. To determine simultaneously as and 
the gluon density at low x, the HI collab- 
oration has subjected this data to an elab- 
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Figure 6. The proton structmpi function F2 at low x 
as a function of from HI Qo. 



H1 preliminary 




Figure 7. The gluon density obtained by HI □ in a 
DGLAP fit for different minimal Q^^„ values of the 
input data. 
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Figure 8. The gluon density (xg) and quark singiet 
density (xT,) at medium and low from ZEUStZI. 
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orate NLO QCD fit taking into account all 
experimental and theoretical systematic un- 
certainties □. A value of as(M|) = 0.1150 ± 
0mi7{stat.) ± O.00n{model) ± 0.005(scaZe) 
was obtained. The largest uncertainty, aris- 
ing from the choice of the renormalisation 
and factorisation scale, is expected to be re- 
duced significanthL, once NNLO calculations 
become availablella. The gluon density is 
constrained to ~ 3% for lO^'^ < a; < 0.1 
at Q2 = 20 GeV^ The fit describes the 
data wellQ down to > 1 GeV^, but below 
= 5 GeV^ the resulting gluon distribution 
becomes sensitive to the inclusion of data at 
smaller and smaller (Fig. |^). This more 

Secise result confirms the previous finding 
Il3 that the role of the gluon and quark den- 
sity change when going to low values of 
(Fig. ^). At low X the gluon density domi- 
nates the proton structure for ^ 1 GeV'^ , 
but tends to vanish at « 1 GeV^. The 
parton density functions appear to be flexi- 
ble enough for the NLO DGLAP fit to ac- 
commodate the inclusive F2 data down to 
~ 1 GeV^, and also describe the longi- 
tudinal structure function 0. Neverthe- 
less this "valence" -like behaviour of the gluon 
density is likely to signal the limit of appli- 
cability of the perturbative series in DGLAP. 
It might imply that higher twist effects or 
new dynamics such as described by the BFKL 
equation become sizeable. More exclusive 
data wraild be highly welcome in this low x 
region Ej. 
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Figure 9. The total cross-section for 7*-proton scat- 
tering as a function of for constant values of W 
from HERAp.p41so shown are two measurements for 
Q2 ~ 0, from E3. 



on cr^»p ~ -Pj/Q^ and allow interpolation be- 
tween the steep fall of the cross-section at 
high and the photoproduction region at 
« 0, where the cross-section must become 
independent of because of conservation of 
the electromagnetic current. In other terms, 
the photon in the limit ^ fluctuates 
into a hadronic object of similar size as the 
proton, such that the "dipole" -proton cross- 
section becomes independent of the exact 
value of Q2 |. The precise form of (7^*p JiiijS 
been subject to considerable discussionsHcl 
about the onset of a possible recombination 
(or saturation) of the gluon density in this re- 
gion of low X and high gluon density. Fig. [l0| 
shows slopes {dF2/ dlogQ'^) which to 
low < xs. Both HI and ZEUS have first approximation are directly proportional 

equipped the region close to the beam axis 

with small calorimeters and silicon trackers 
which are able to measure down to x ~ 10~^ 



The Low X and Low Limit 

Since the CMS energy at HERA is limited 
to — 320 GeV kinematics imply that val- 
ues of a; < 10^'* are accessible only at very 



for Q2 > A^p^ (Fig. I). New data from 
ZEUS i complement previous measurements 



''Unfortunately this constant behaviour of the dipole 
cross-section in the limit ^ is sometimes re- 
ferred to as "saturation", which is not the same as 
saturation of parton densities in the proton at higher 
due to recombination effects. 
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to the gluon density. For all Q^, and es- 
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Figure 10. The derivative [dF2/d\ogQ^)^^^^^, as 
a function of x in bins of based owidata from fixed 
target experiments and from ZEUS □. 



sensitive to the quark densities in the 7. 
The gluon density in the photon is only 
accessible indirectly via the scale depen- 
dence which requires very precise data. 

• ep ^ ejp — > e + jets + X at HERA 
where jets with large transverse energy 
are required to resolve the 7 structure. 
Since coloured partons of the proton en- 
ter the hard interaction, this process is 
sensitive directly to both the quark and 
gluon density of the 7. 



pecially > 1 GeV^ where the picture of 
a proton resolved into partons is applicable, 
this slope rises linearly towards low x. No de- 
viation from this behaviour is visible in the 
energy range accessible at HERA^. In sum- 
mary the inclusive HERA data do not provide 
evidence for saturation effects of parton den- 
sities for above a few GeV^. At smaller 
where the photon itself develops hadronic 
structure, low x effects are difficult (if not im- 
possible) to disentangle from low effects. 

3 The Photon as a Hadronic 
Object 

A quasi-real photon of very small virtuality 
not only couples to other particles di- 
rectly as a gauge boson or as a qq dipolc of 
small transverse size (the point-like compo- 
nent which is calculable in pQCD) but can 
also fluctuate into a hadron-like object of 
large transverse size. The hadronic struc- 
ture of the nhoton can be measured in the 
processesEifE3: 

• e~''e~ — > e'''e"7*7 e^e^ X where the 
virtual 7* resolves the structure of the 
real 7 (Fig. |ll|). This process is mainly 

Note that the data shown here is identical to that 
in a much debated figure where the same slope is 
shown in bins of W . Due to the kinematic relation 
= Q^(l — x)/x this figure however shows a peak 
at values of a few GeV^, which should not be 
interpreted as saturation of parton densities. 




Direct Single Resolved 

Figure 11. Example for a direct (left) and single 
resolved (right) 77 — ► hadrons process in e+e~ inter- 
actions, shown here for heavy quarks. 
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Figure 12. The structure functi«»-|F2^(a;, Q^) for real 
photons from e+e~ scatteringHifE^ as a function of 
the scale at which the 7 is probed. Note that 
here denotes the virtuality of the 7* which probes the 
quasi-real photon of virtuality fa 0. 

The LEP experiments have recently made 
substantial progress in the understanding of 



6 



■ OPAL, <Q >=10.7 GeV 

_ ' OPAL, <Q^>=8.9 GeV^ 

0.8 - PLUTO, <QV=9.2 GeV^ 

* DELPm, <Q%=12.0 GeV^ 

L3, <qS=I0.8 GeV^ 



-GRV LO Q^=8.9 GeV^ 
.-GRVLOQ^=12.UGeV^ 
. SAS ID 0^=12.0 GeV^ 
- WHITl 0^=12.0 GeV^ 
.-QPMQ^=l2.0GeV- 




. OPAL,<Q >=17.8GeV^ 

' OPAL, <Q^>=17.S GeV^ 

TOPAZ, <Q^>= 16.0 GeV^ 

» L3, <Q^>=23.1 GeV' 

* ALEPH, <<J^20.7 GeV^ 



-GkV LO Q-=16.U GeV^ 
.-GRVLOQ-=23.IGeV^ 

SASID Q^=23.1 GeV^ 
- WHITl Q^=23.1GeV^ 
.-QPM 0^=23.1 GeV^ 




Figure 13. The^hoton structure function F2 from 
e+e~ scattering^fl at low and high as a function 
of X. The QPM line which vanishes at low x corre- 
sponds to the quark-parton model approximation to 
the point-like component. 



both the simulation of the hadronic final state 
and the detector response close to the beam 
direction. Improved unfolding methods have 
led to much more precise measurements and 
also to better consistency between the exper- 
iments. The LEP II data now are superior to 
all previous data from e.g. the PETRA ex- 
periments, and in addition give access to the 
photon structure at much larger scales and at 
lower X. Fig. |l^ and |l^ show that the pho- 
ton structure function F2 is now known with 
a precision of « 10%. The basic expectations 
for the behaviour of F2 are: 

• F2 is dominated at high x by the point- 
like part. 

• F2 rises with Q^, in contrast to the pro- 
ton case, for all due to the point-like 
contribution. 

• At low X the hadron-like component is 
expected to dominate and the photon 
becomes similar to the proton, i.e. F2 
rises strongly towards low x and the pho- 
ton is dominated by gluons. 

The first two points are clearly borne out in 
the data shown in Fig. ^ and |l^ when com- 
paring with the expectation for the point-like 



component. The hadron-like component is 
seen at low x as the data clearly exceed the 
point-like part, although the expected rise of 
F2 at very low x is not significant in the ac- 
cessible X range. Note that existing param- 
eterisations of the 7 structure like GRV(LO) 
describe the data well for > 5 GeV 



Heavy flavour production data from LEI 
are shown in Fig. nj. For charm production 
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Figure 14. The charm artd bottom cross-section 
from 7*7 scattering at LEPc3. 



the data agree well with QCD expectations 
based on the same parameterisations. A first 
measurement of the charm structure function 
Fl^ has been obtained by OPAlB (Fig. 
The bottom cross-section as measured by L3 



- 

<Q-> = 20 GcV- 


1 ' ^ 
-f- OPAL (b) : 


'■_ — GRS-LO 


NLO (Laencn el al.) 


■ ■ ■ point-like 


— NLO liadron-lilie 




^ — LO 





Figurfi_L5. The charm structure function F2 ^ from 
OPAlJd. 

@ is larger than expected (Fig. |lj), a very 
interesting observation as the same trend is 
observed also by the Tevatron experiments 
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and in photoproduction at HERA. These 
observations require the theoretical descrip- 
tion of heavy flavour production processes in 
hadronic colhsions to be reconsidered. 
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Figurffl-J7. Jet cross-section in ■yp interactions from 
ZEUSB- 



Further access especially to the gluon 
component in the 7 is obtained from jet pro- 
duction at HERA. In an analysis tailored to- 
wards the low X region, the HI experiment 
has used data at relatively low transverse jet 
energies Et > 6 GeV which was corrected 
for the substantial effects of secondary in- 
teractions between the photon remnant and 
the proton remnant in resolved photon pro- 
cesses. Subtracting the direct and quark in- 
duced parts based on expectation from e+e~ 
data, the gluon distribution in the 7 is ex- 
tracted (Fig. |l^). Albeit only in LO this is 
the only experimental evidence for a rise of 
parton densities in the photon at low x. 

A complementary analysis by ZEUSE3 
uses jets at much larger Et, which kinemati- 
cally excludes the low x region. Here the ex- 
perimental and theoretical uncertainties are 
smaller however. In the range 0.3 < a; < 0.8 
the ZEUS data are consistent with the NLO 
calculations for 14 < Et < 17 GeV, but ex- 
ceed the calculations for larger Et (Fig. |l7|) . 
A similar effect was seen in a first jet mea- 
surement in e+e~ scattering by OPAL 0. 

Note that this poses a question on the 
overall consistency of the photon structure 



data. The LEP F2 data, which are sensitive 
mainly to quarks up to scales of < 800 GeV^ , 
as well as the HI data on gluons and quarks 
at low x, agree with e.g the GRV parameter- 
isation. The ZEUS jet data, also sensitive to 
quarks and gluons but at high x and high Et 
where the point-like component should domi- 
nate and little freedom due to the hadron-like 
component is expected, indicate an increased 
scale dependence of the parton densities, an 
effect which is difficult to understand. 

The improved precision of the data in an 
extended x and range calls for a new ef- 
fort in the understanding of the photon struc- 
ture in NLO QCD. Whether parton densities 
can be derived which consistently describe all 
data sets within errors remains to be seen. 

4 QCD Dynamics at Low x 

In spite of the fact that the inclusive pro- 
ton structure function F2 is compatible with 
the DGLAP evolution equations even at 
the lowest accessible x values (for > 
1 GeV^), it is still expected that Inl/x terms 
must become sizeable in comparison with the 
InQ^/Agp^, terms if only x is small enough. 
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Figure 18. Parton ladder with a hard "forward" jet 
close to the proton remnant direction. 



Considerable effort is therefore expended at 
HERA, as well as at LEP and Tevatron, 
into t he i nv estigation of moreexclusive pro- 
cesses E3'EJ. The advocated^ test case at 
HERA is the production of "forward jets" 
(Fig. H^), i.e. a jet close in rapidity to the 
proton. In such events, when the jet trans- 
verse energy Et is comparable to the pho- 
ton virtuality at the other end of the parton 
ladder, kx ordered radiation should be sup- 
pressed and parton emission might dominate 
which is not ordered in kx- 

Fig. |l9| shows the cross-section for for- 
ward Jets as a function of E^/Q^ from 
ZEUsS. None of the DGLAP based cal- 
culations are able to explain the data ev- 
erywhere. Calculations based on structure 
functions for virtual photons have been avail- 
able since several years, where for the case 
E^ » the 7* is assumed to be resolved by 
the Et of the jets. Starting from the highest 
Et somewhere along the ladder, two parton 
cascades are then evolved towards the pho- 
ton and the proton. As this corresponds to 
non—kT ordering, it may be viewed as an ap- 
proximation to new QCD dynamics such as 
those predicted by the BFKL or CCFM equa- 
tions. Calculations based on resolved virtual 
photons are indeed able to explain the data 
both in the DGLAP regime at Et < 
or Et ^ and in the BFKL regime at 
Et ~ Q^- Apart from these data only weak 
evidence for BFKL type dynamics exists up 
to now 
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Figure 19. ■— Cross-section for forward jet production 
from ZEUSEj in comparison to calculations based on; 
upper figure: DGLAP (LEPTO and HERWIG) and 
colour-dipole model (ARIADNE); lower figure: re- 
solved virtual photons in LO (RAPGAP) and NLO 
(Jetvip). 



Similar to the forward jet case, deep in- 
elastic production of charm is a two-scale pro- 
cess and thus a test-case for effects beyond /ct 
ordering. Fig. 20 shows the charm produc- 



tion cross-section in comparison to DGLAP 
and CCFM based calculations. Note that the 
calculation makes use of unintegrated par- 
ton densities f{x, k^, Q^) whicLare obtained 
from a fit to the HI F2 datafia. While de- 
viations from the data are present in both 
approaches, the CCFM calculation does bet- 
ter especially in the forward direction at large 
pseudorapidities rj close to the proton. This 
test of CCFM dynamics looks promising also 
in details of the final state. 
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Figure 20. Cross-section for D* mesons from 
as a function of W, x and together with the trans- 
verse momentum Pt,d*, pseudorapidity ryu* and 
momentum fraction z of the D* . HVQDIS and CAS- 
CADE are NLO DGLAP and CCFM based calcula- 
tions, respectively. 



5 Diffraction 

Processes in which a proton is scattered elas- 
tically are a challenge to pQCD calculations 
as they must proceed via a colour singlet ex- 
change, in contrast to the standard approx- 
imation of single quark or gluon exchange. 
These processes are of fundamental interest 
as, in the end, they address the nature of 
colour confinement in QCDEa. 

From soft hadronic processes it is known 
that beyond the expected exchange of pho- 
tons and mesons, an additional component 
must be present, which can not be associated 
to any known particle^. This colour singlet 

''In the framework of Regge theoryS this exchange 
was labelled "pomeron" (iP). 



Figure 21. Feynman diagrams for diffractive scat- 
tering in 7*p collisions at HERA; inclusive scattering 
(left) and di-jet production (right). 



exchange has generally been assumed to be 
dominated by gluons, however its precise na- 
ture remained unclear. 

The interest in diffraction was renewed 
when hard diffmctive processes weie observed 
in pp collisionsEa and ep collisions e2I, in which 
the partonic structure of the colour singlet 
exchange can be resolved. 

Hard Diffraction at HERA 

Fig. ^ shows the diagram for deep inelas- 
tic, inclusive diffractive scattering. The 
corresponding cross-section depends on four 
kinematic quantities: x, Q^, the momentum 
transfer squared t at the proton vertex and 
the momentum fraction Xjp of the colour sin- 
glet relative to the proton. 

Important theoretical progress was re- 
cently achieved by the nroof of QCD hard 
scattering factorisation lid for diffractive ep 
scattering^, which states that the cross- 
section factorises into hard partonic cross- 
sections and universal diffractive parton dis- 
tributions fP {x,Q^ ,Xjp,t). The latter should 
evolve (at fixed Xj^ and t) according to the 
DGLAP evolution equations. This proof puts 
diffraction on a solid basis for a treatment in 
pQCD and experimental verification is highly 
desirable. 

For inclusive diffractive scattering the 
HERA experiments usually integrate over t 



"^Note that factorisation is expected to break down 
in pp collisions due to secondary interactions between 
the two protons. 
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Figure 23. Diffractive di-jet cross-section from H10 
(bottom) in comparison to predictions based on gluon 
densities (top) extracted by two QCD fits to the HI 

diffractive scattering 



and present their result as a structure func- 
tion F^^'^\(3,Q^,x^) (Fig. H), where P = 
x/Xjp corresponds to the momentum fraction 
of the struck partim in the colour singlet ex- 
change. The dataeS show positive scaling vi- 
olations up to large indicating the domi- 
nance of gluons in the diffractive exchange. 

Assuming in addition 

Regge factorisation^, F^*-'^'' can be written 
as a flux factor for the colour singlet f(xp,t) 
times a structure function for the exchange 
Fi^iP,Q^)- QCD fits of the scaling viola- 
tion in F^{(3,Q^) yielded gluon densitiesEJ 



as shown in Fig. 23 (top). 

A direct measure of the gluon distri- 
bution can be obtained from di-jet produc- 
tion in diffraction (Fig. ^l]). The new data 
from HlEi (Fig. ^Il) are compatible with both 
Rcgge and QCD factorisation and nicely con- 
firm the previous F^^^^ analysis which as- 
sumed Regge factorisation. A new, QCD 
based calculation of this diffractive cross- 
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Figure 24. Diffractive di-jet cross-section from H10 
in comparison to calculations (BJLW) based on the 
exchange of 2 gluons which interact dominantly with 
a qqg fluctuation of the 7. 
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Figure 25. Feynman diagram and cross-section for 
Depely Virtual Compton Scattering (DVCS) from 
Hlc3. The process interferes with the Bethe-Heitler 
(BH) process ep — > e^yp (where the 7 is emitted from 
the electron line) for which the contribution is shown 
separately. 



section, which assumes dominant exchange of 
two ghions interacting with the qq{g) system 
emitted by the virtual photon (c.f. Fig. 
leads to a reasonable description of the data 
at small (Fig. p^ ). Again unintegrated 
gluon densities are employed here. Similar 
calculations have also become available for 
the diffractive production of vector-mesons 
(Fig. ^ and for Deeply Virtual Compton 
Scattering j*p jp (DVCS) (Fig. ||). It 
is remarkable that perturbative calculations 
are now able, with only a few free parame- 
ters, to describe a number of hard diffractive 
processes in ep scattering. It would be of high 
interest to complement these data with mea- 
surements at high t where the colour-singlet 
itself might be calculable in pQCD. 

Hard Diffraction at the Tevatron 

Both DO and CDF have investigated pro- 
cesses where jets with large Et are employed 
to study the partonic structure of the diffrac- 
tive exchange. The most striking observation 
is that the overall rate of diffractiveprocesses 
is much smaller (by factors 5 to 20 eZI) in com- 
parison to the findings at HERA, where they 
contribute as much as 10% to the DIS cross- 
section. 

Fig. [2^ shows the effective structure func- 
tion from jets Fj^ from CDF for events where 
the elastically scattered proton was tagged 



100 



10 



■■■■ H1 fit-2 


-h CDF data 


HI fit-3 


Ef"''>7GeV 


■ { Q^= 75 GeV^ ) 


0.035 < 5 < 0.095 




|t|<1.0GeV^ 















0.1 



p 



Figure 26. The diffractive istructure function ex- 
tracted from jet data by CDFCJ in comparison to an 
expectation based on the HI diffractive parton den- 
sities. 



at very small scattering angles. The data 
are far below a calculation which is based 
on the HI parton densities extracted from 
^2^'^^ (Fig. 11). QCD factorisation obvi- 
ously is badly broken for diffractive pp colli- 
sions. The same conclusion is obtained us- 
ing only Tevatron data from the ratios of 
double- to single and single to non-diffractive 
cross-sections, which are significantly differ- 
ent (Fig. pTl). It is noted that the QCD fac- 
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Figure 27. Ratios of double to single diffractive 
cross-sections Rfy^^ and singte to non-diffractive 
cross-sections Rg^ from CDFE3. 



torisation proof for ep scattering does not ap- 
ply to pp collisions. The large factorisation 
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breaking observed when extrapolating from 
HERA results to Tevatron processes reflects 
that a point-like virtual photon (or a qq fluc- 
tuation of small transverse size) is able to 
pass through the proton without destroying 
it, whereas two large proton remnants will 
destroy each other in most cases. While this 
prohibits at present an interpretation of the 
pp data in terms of universal diffractive par- 
ton densities, the mechanism of factorisation 
breaking is in itself of interest and a chal- 
lenge for the understanding of diffraction in 
hadron-hadron collisionsE2l. 

6 Conclusion 

Among the most active fields of QCD are 
the regions where perturbative approaches 
are difficult, namely at large distances close 
to the confinement limit, at high energies or 
low X, in regions of large parton densities and 
where multi-parton exchange becomes cru- 
cial. The entire field is driven by the avail- 
ability of very precise data which are needed 
for detailed tests of QCD. 

At low X > 10^"^ the structure function 
data from HERA constrain the gluon density 
with a precision of better than 3% at high Q^, 
which paves the way for significant tests of 
the Higgs sector at the Tevatron/LHC. While 
conventional DGLAP evolution describes the 
inclusive data down to > 1 GeV, more 
exclusive measurements of the hadronic final 
state indicate the need for calculations be- 
yond strong kT ordering. Evidence for BFKL 
effects from HERA, LEP or Tevatron are still 
weak, in spite of the fact that theoretical 
uncertainties seem to be better controUedEd. 
The first CCFM calculations based on parton 
densities unintegrated in kx look promising 
when compared with HERA data on charm 
production. 

The LEP and HERA experiments have 
provided data on the photon structure with 
much improved precision. As existing pho- 
ton parton densities seem not to be sufficient 



to describe all measurements a new effort in 
the understanding of the photon structure in 
NLO QCD is required. 

In diffraction the comparison between 
hard inclusive and exclusive processes at 
HERA has led to a consistent picture of 
the structure of diffractive colour singlet ex- 
change which is dominated by gluons. A chal- 
lenge here is the application of the HERA re- 
sults to hadron collisions, where QCD factori- 
sation in diffraction is shown to be broken. 
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